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A B S T R A C T
The provenance of the Permo-Triassic series of the Talayuelas anticline (Iberian Ranges) have been studied using U-
Pb geochronology (laser ablation inductively coupled plasma mass spectrometry) of detrital zircons. These intracon-
tinental siliciclastic series were formed by extensive sandy braided fluvial systems associated with ephemeral lake
deposits and aeolian sediments, with paleocurrents suggesting constant NW-SE transport directions. Upper Permian
reddish sandstones from the Upper Alcotas Formation (Lopingian) contain a dominant Variscan zircon population
(290–360 Ma), which indicates source areas located in the axial zone of the Variscan belt, in the core of the Ibero-
Armorican arc. However, in the Lower Triassic sandstones of the Can˜izar Formation (Olenekian), the Variscan zircon
population is almost completely replaced by Cadomian zircons (520–750 Ma), with important Avalonian (390–520
Ma), Mesoproterozoic (900–1750 Ma), Eburnian (1.78–2.35 Ga), and post-Eburnian and Archaean (12.4 Ga) zircon
populations. This detrital zircon content now suggests source areas located more to the NW, in the Avalonian
microcontinent, although a limited supply coming from the southern part of Laurentia cannot be ruled out. Finally,
in the Middle Triassic (Anisian), the source areas returned to the Variscan axial zone, since the Variscan zircon
population is again highly dominant during this period. The changes detected in the source areas of the Permo-Triassic
series are related to the development and propagation of the Iberian rift, one of the large extensional structures that
determined the generation of the sedimentary basins and finally caused the breakup of Pangea. The methodology
followed in this article is very useful to understand the generation and evolution of these intracontinental basins and
also the relationships between the different rift systems generated in the North Atlantic realm during the Permo-
Triassic times.
Online enhancements: appendix tables.
Introduction
During Upper Permian–Early Triassic times, an ex-
ceptional period of global regression caused by the
previous assembly of Pangea led to general deep
erosion in most of the western European basins
(Hallam and Wignall 1999; Heydari et al. 2001;
Bourquin et al. 2007). This period was marked by
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very extensive unconformities and widespread sil-
iciclastic rocks in continental sediments, generally
attributed to “Buntsandstein” facies, deposited
above Permian rocks. In the Central European ba-
sins, the Buntsandstein is mainly represented by
large fluvial sand sheets associated with ephemeral
lake deposits and aeolian sediments. A similar pat-
tern of sedimentation is described for the Triassic
deposits of the Iberian Basin (the sedimentary basin
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Figure 1. Simplified geological maps showing the location of the Talayuelas section in the Iberian Ranges and the
general distribution of the Permo-Triassic outcrops in Iberia. The coordinates of the Permo-Triassic section where
the samples for U-Pb dating of detrital zircons were taken are also indicated.
Figure 2. Reconstruction of the sedimentary basins at
the base of the Triassic, showing the main Paleozoic
highs, basin boundary fault systems, and related transfer
faults. Tal, Talayuelas; Alb, Albarracin; Mo, Molina de
Arago´n; PDCL, present-day coast line.
located in the Iberian Ranges and its continuation
to the NW; see figs. 1, 2), which are broadly asso-
ciated with large and extensive sandy braided flu-
vial systems (Lo´pez-Go´mez et al. 2002). In all of
these basins, the clear change from Permian local
drainage systems to widespread systems with dis-
tant source areas marks the beginning of the Tri-
assic sedimentation (Arche and Lo´pez-Go´mez
2005; Bourquin et al. 2007).
It is generally accepted that the sediment supply
for the Buntsandstein sediments in the Iberian
Ranges came from the axial zone of the Variscan
orogen, located in northwestern areas of the Iberian
Massif, although in southeastern localities, local
influence of low-grade metamorphic source areas
have been also proposed (Arribas et al. 1985). In the
SE Iberian Basin (figs. 1, 2), local source areas could
have produced some Early Triassic conglomerates,
but textural features of sandstones and sedimen-
tological evidence in the Buntsandstein are better
matched with large, long, and wide rivers trans-
porting huge amounts of detrital components (So-
pen˜a et al. 1988; Arche and Lo´pez-Go´mez 2005).
The important sedimentary supply during the Late
Permian–Early Triassic period has been related
with a stage of relief rejuvenation or an increase in
precipitation (Bourquin et al. 2011). High precipi-
tation rates could be required to produce the huge
amount of clastic components typical of the Early-
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Middle Triassic, but it is commonly accepted that
climatic conditions for most of the Middle Permian
to Middle Triassic were arid to semiarid, with even
a hyperarid period during the Olenekian (Durand
2008; Bourquin et al. 2011). Furthermore, wide
regions on the west margin of the Tethys as well
as central areas of Europe (Durand 2006; Schneider
et al. 2006; Bourquin et al. 2011) and the E Iberian
(Soria et al. 2011) and Catala´n-Valencia basins were
desertic, with aeolian influence and very low rates
of precipitation.
The beginning of the Triassic sedimentation rep-
resents a key period for understanding the breakup
of Pangea. However, paleogeographical data are still
a matter of discussion, since there is not a clear
knowledge about active sedimentary corridors and
the connections between them that permitted the
transport and sedimentation of the Buntsandstein
series. This article explores the provenance of the
Upper Permian–Early Triassic fluvial deposits in
Iberia, using detrital zircon age populations. In or-
der to achieve this objective, samples of sandstones
from Upper Permian (Alcotas Formation) and Early
Triassic (Can˜izar Formation) series were selected.
The new data show a surprising scenario for this
time span, with contrasting zircon age populations
providing significant information for the prove-
nance of these sedimentary series and the evolution
of the dynamic setting. The interpretation of the
zircon data framed in a well-constrained recon-
struction of Pangea in the area surrounding Iberia
has proven to be a fruitful method for the inves-
tigation of the development of the Permo-Triassic
basins and their relationships with the rift systems,
which finally favored the breakup of Pangea.
Geological Setting of the Permo-Triassic Series
The extensional collapse of the Variscan Belt that
started at the latest Carboniferous–Early Permian
and the later westward propagation of the Neo-
tethys during the Permian and Triassic produced a
complex system of rifts in central and Western Eu-
rope (Sopen˜a et al. 1988; Ziegler 1988; Vargas et al.
2009). In the Iberian Plate, three main rifting sys-
tems accommodated a Permian to Mesozoic record
that, after tectonic inversion, were involved in the
Pyrenean-Cantabrian mountain belt, the Catala´n
Coastal Ranges, and the Iberian Ranges (De Vicente
et al. 2009; figs. 1, 2). In the former Iberian Basin,
the tectonic subsidence history is characterized by
multiple pulsating periods of stretching intermit-
ted by periods of relative tectonic quiescence and
thermal subsidence that accommodated a complex
record of hundreds to thousands of meters thick
(Van Wees et al. 1998; Vargas et al. 2009).
The Permian-Triassic sedimentary record in the
Iberian Ranges has been divided into major sedi-
mentary sequences, each of them constituted by
one or two lithological units of formation range and
bounded by unconformities and/or hiatuses (So-
pen˜a et al. 1988; Lo´pez-Go´mez and Arche 1993;
Lo´pez-Go´mez et al. 2002). However, this record
shows some lateral changes between the northwest
and southeast areas of the Iberian Ranges as a result
of a different evolution of the basin in each of those
sectors. This study focuses on two continental
units deposited in the SE sector of the Iberian Basin.
The older one, the Alcotas Formation, is part of the
upper sedimentary sequence of the Permian record,
and the younger, the Can˜izar Formation, represents
the beginning of the first sedimentary sequence of
the Triassic record in this area. The age of the Al-
cotas Formation is Thu¨ringian (Middle Permian–
Upper Permian), while the age at the top of the
Can˜izar Formation is early Anisian (Doubinger et
al. 1990); therefore, an Olenekian age is attributed
to most of this latter unit (fig. 3). Because most of
the uppermost Late Permian is eroded or probably
never deposited, the Permian-Triassic transition is
not recorded in the whole Iberian Basin, since it
also occurs in most Western European basins (Bour-
quin et al. 2011). However, because rifting and sub-
sidence were active at that time, the sedimentary
record could be locally continuous across this time
boundary.
In the Iberian Basin, the Permo-Triassic series
were deposited in several extensional rift basins
trending NW-SE with horst and graben structure.
Conjugate normal faults limited the NW-SE bound-
aries of the basins, and associated SW-NE transfer
fault systems favored the accommodation of sedi-
ments along the Iberian Basin. Extensional SW-NE
systems were also developed in the eastern margin
of the Iberian plate, and the Catala´n-Valencia rift
basin was originated during the same time interval
(Vargas et al. 2009); it was filled with comparable
alluvial and aeolian deposits (fig. 2).
The Alcotas Formation. The Alcotas Formation,
lying unconformably on the Hercynian basement,
is related to the first important phase of subsidence
during the rifting evolution of the Iberian Basin,
since it is the oldest Permian unit recorded in var-
ious sectors of the basin (Vargas et al. 2009). It con-
sists of red siltstones with intercalated sandstone
and sporadic conglomerate bodies that can be more
than 100 m long and 6 m high. Total thickness of
the formation varies from 82 to 168 m. On the basis
of sedimentary, mineralogical, and petrographic
Figure 3. Talayuelas stratigraphic section showing the upper part of the Alcotas Formation, main sedimentary
features of the Can˜izar Formation, and sample locations. A–F, Members of the Can˜izar Formation separated by major
boundary surfaces (1–7). Field photographs of the Alcotas Formation (a; scale bar p 15 cm), unconformity between
the Permian siltstones of the Alcotas Formation and the Triassic conglomerates of the Valdemeca unit (b; basal part
of the Can˜izar Formation; scale bar p 170 cm), and typical aspect of the Buntsandstein Can˜izar Formation in the
Castilian Branch of the Iberian Ranges (c).
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characteristics, type of paleosols, and plant rem-
nants, this formation is divided into three subunits:
lower (LP), middle (MP), and upper (UP), from base
to top, respectively (Lo´pez-Go´mez et al. 2005). The
LP is comprised of red sandstones and siltstones
with conglomerate bodies with concave base and
flat top showing planar cross-stratification and re-
activation surfaces. This subunit represents mixed
braided fluvial systems with paleoflows toward the
SE and channels crossing wide floodplains refilled
by migrating transverse bars (Arche and Lo´pez-
Go´mez 2005). Carbonate paleosols with preserva-
tion of dolomicrite in some of their nodules were
developed in the flood plains between the channel
systems, indicating an arid to semiarid climate
with marked seasonality (Benito et al. 2005). The
sedimentary characteristics of the MP change with
respect to the previous subunit. Sandstone bodies
intercalated within the siltstones are basically tab-
ular with abundant epsilon cross-bedding struc-
tures. This subunit represents sandy braided and
meandering fluvial systems flowing toward the SE
through broadly vegetated floodplains, where non-
carbonate paleosols were developed (De la Horra et
al. 2008). Preserved palynological assemblages and
carbonaceous remnants of plants indicate rather
humid conditions for this subunit (Die´guez et al.
2007). Finally, the UP subunit consists of siltstones
with intercalated lenticular sandstone bodies with
planar cross-stratification and current ripples.
Macro- and microflora are absent in this subunit,
and only scarce and poorly developed paleosols
have been recognized (Die´guez and Barro´n 2005; De
la Horra et al. 2008). The UP is interpreted as a very
low-energy sandy braided river system showing pa-
leocurrents toward the SE and with a high avulsion
rate, probably caused by the lack of stabilization of
the banks in the absence of vegetated cover (Arche
and Lo´pez-Go´mez 2005).
The Can˜izar Formation. The sedimentation of
this unit and its lateral equivalents is recorded all
along the Iberian Basin as well as in most of eastern
Iberia. The Can˜izar Formation constitutes the
lower part of the so-called Buntsandstein facies—
well represented in western and central Europe—
that marks the beginning of the Mesozoic cycle in
the Iberian Basin. The Can˜izar Formation lies un-
conformably on the Middle-Late Permian Alcotas
Formation in most of the SE Iberian Basin. The
basal part of the Can˜izar Formation consists of 5
m of conglomerate and sandstones bodies differ-
entiated as the Valdemeca unit (fig. 3), which were
deposited by gravel braided fluvial systems with
poor stability of channels. The presence of venti-
facts indicates some aeolian influence (Bourquin et
al. 2011). Most of the Can˜izar Formation was de-
posited in alluvial environments; it is 80–170 m
thick, mainly comprised of red-pink fine to coarse-
grained sandstones (subarkose and quartzarenite),
with centimetric layers of red mudstone interca-
lated and almost devoid of conglomeratic bodies. It
has been divided into 6 subunits (A–F; fig. 3) that
can be clearly traced across long distances in the
SE of the Iberian Ranges (Lo´pez-Go´mez and Arche
1993). Seven (numbered from 1 to 7) major bound-
ary surfaces, representing different tectonic pulses
with intervals of reduced sedimentation or hiatus,
separate the subunits of the Can˜izar Formation.
The origin of the major boundary surfaces is prob-
ably related to the multiphase synrift period de-
tected in the Early-Middle Triassic subsidence stage
(Vargas et al. 2009). During this time, spasmodic
activity of the basin boundary fault systems caused
numerous episodes of lateral migration of the ac-
tive channel belt and erosion of floodplain sedi-
ments culminating in the differentiation of the A–
F subunits. These active tectonic phases could have
also influenced the longitudinal connection be-
tween segments of the rift basin and source areas
to the NW, creating differential subsidence and
temporary transversal highs in the sedimentary ba-
sin (Lo´pez-Go´mez and Arche 1993), since the sub-
sidence rate was very small (!15 m/m.yr.; Vargas
et al. 2009).
From a sedimentological point of view, the lower
subunits (A–D; fig. 3) are very similar and can be
integrated into a main sedimentary cycle that is
characterized by homogeneity in its structures and
absence of other features present in the upper main
cycle, such as paleosols, bioturbation, plant rem-
nants, palynological assemblages, and vertebrate
footprints that are found only in subunits E and F
over most of the Iberian Basin. The two main sed-
imentary cycles are separated by major boundary
surface 5 (fig. 3), which in the field stands out as a
prominent erosive surface of probable tectonic or-
igin. This surface marks a sudden increase of energy
in the system, inferred from an increase in the size
of the internal sedimentary structures and a general
increase in grain size.
In a broad sense, the rocks of the Can˜izar For-
mation are interpreted as deposited by a sandy
braided fluvial system with minor aeolian influ-
ence. However, subtle changes can be observed in
the sedimentary structures of each of the subunits,
indicating modifications in the speed of flow and
other features of the fluvial system. In general, the
sediments of the Can˜izar Formation show very
poor fossil content, scarce paleosols, and a limited
variety of sedimentary structures. Most of the de-
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posits are interpreted as infilling of fluvial channels
by longitudinal and transverse bars with low pres-
ervation of fine-grained floodplain deposits (Lo´pez-
Go´mez and Arche 1993; Arche and Lo´pez-Go´mez
2005). Recent studies (Bourquin et al. 2011; Lo´pez-
Go´mez et al. 2011) prove some aeolian influence
on these sediments in the so-called Castilian
Branch. However, this influence is more important
in the Aragonese Branch of the Iberian Basin (Lo´pez
Go´mez et al. 2011; Soria et al. 2011) and in the
Catala´n-Valencia Basin (Marzo 1986), both located
to the north of the study area (fig. 2). Minor internal
sedimentary structures such as reactivation sur-
faces are frequent in the fluvial sediments, sug-
gesting a seasonal climate control of the sedimen-
tation, with alternating dry and rainy seasons and
large discharge fluctuations that reworked the sand
bars and sand flats. Similar fluvial systems have
been described by others (Bourquin et al. 2006; Gi-
bling 2006). Paleocurrents show narrow dispersion
and point to the SE-SSE, indicating a pervasive axial
drainage coming from source areas located to the
NW (Lo´pez-Go´mez and Arche 1993).
U-Pb Geochronology of Detrital Zircons
Sample Selection and Analytical Methodology. Two
samples from the Alcotas Formation and four from
the Can˜izar Formation in the stratigraphic section
of the Talayuelas anticline have been selected for
U-Pb dating of detrital zircons. Detailed locations
of samples in the stratigraphic series are repre-
sented in figures 1 and 3. They correspond to fine-
and very fine-grained sublitharenites and, to a
lesser extent, quartz-arenites, in which quartz is
the dominant component (45%–90%), along with
detrital mica, hematite, metamorphic rock frag-
ments, and minor amounts of feldspar. Rutile, zir-
con, ilmenite, tourmaline, monazite, and apatite
are present as accessory minerals. In addition, Sr-
rich aluminium-phosphate-sulphate minerals have
been recognized in most samples from the Can˜izar
Formation (Benito et al. 2005; Gala´n-Abella´n 2008).
They appear as tiny (!2 mm) crystals or as poly-
crystalline aggregates (up to 40 mm in size) that
replace large detrital micas or fragments of meta-
morphic rock. The clay fraction is formed predom-
inantly by illite and minor hematite. The Kubler
index (full width at half maximum of the illite 10-
A˚ reflection on X-ray diffraction traces of the !2-
mm fraction) values range from 0.61 to 0.44 D2v
and are typical of deep diagenetic conditions.
Zircon grains were separated at the Universidad
Complutense de Madrid and the Goethe Univer-
sita¨t (Frankfurt am Main) by conventional gravi-
metric and magnetic methods to be finally hand-
picked under binocular microscope. Several
hundreds of crystals were selected randomly from
each sample to ensure a good representation of all
the populations present in them, all of which were
embedded in resin mounts and polished to expose
their equatorial section. The specimens in all sam-
ples are subidiomorphic crystals with rounded
edges, variable in dimension (100–400 mm) and
color, ranging from clear to pink. Before the anal-
yses, the internal structure of the zircon grains was
studied by cathodoluminescence imaging in order
to identify the different growth domains and the
possible imperfections (inclusions, fractures)
within them. In complex crystals showing several
growth stages, only the oldest core has been ana-
lyzed in order to date the first crystallization event
recorded.
The U-Pb-Th analyses of zircons were performed
at the Goethe Universita¨t during four analytical
sessions, using a ThermoScientific Element 2 sec-
tor field inductively coupled plasma mass spec-
trometer coupled to a laser ablation system, fol-
lowing the method described by Gerdes and Zeh
(2006, 2009). In this study, a New Wave Research
UP-213 ultraviolet laser was used during part of the
analyses, and a RESOlution M-50 Ar-F 193-nm ex-
cimer laser was used for the rest. Isotope data were
acquired in time resolved–peak jumping–pulse
counting mode over 620 mass scans during 19 sec-
onds of background measurement, followed by 24
seconds of sample ablation. A teardrop low-volume
ablation cell was used for the New Wave laser (Jan-
ousek et al. 2006; Frei and Gerdes 2009), while a
two-volume ablation cell (Laurin Technic, Austra-
lia) was used for the RESOlution laser. The spot
size varied from 20 to 40 mm depending on the
grain, and the typical penetration depth of the laser
beam was 10–15 mm. Signal was tuned for maxi-
mum sensitivity for Pb and U while keeping oxide
production, monitored as 254UO/238O, well below
1%. Raw data were corrected offline for background
signal, common Pb, laser-induced elemental frac-
tionation, instrumental mass discrimination, and
time-dependent elemental fractionation of Pb/U,
using an in-house Microsoft Excel spreadsheet pro-
gram (Gerdes and Zeh 2006, 2009). A common Pb
correction based on the interference- and back-
ground-corrected 204Pb signal and a model Pb com-
position (Stacey and Kramers 1975) was applied
when necessary. Laser-induced elemental fraction-
ation and instrumental mass discrimination were
corrected by normalization to the reference zircon
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GJ-1 (Jackson et al. 2004). Before this normaliza-
tion, the drift in interelemental fractionation (Pb/
U) during 24 seconds of sample ablation was cor-
rected for the individual analysis. The correction
was done by applying a linear regression through
all measured ratios, excluding the outliers (2 SD),
and using the intercept with the Y-axis as the initial
ratio. The total offset of the measured drift-cor-
rected 206Pb/238U ratio from the “true” isotope di-
lution thermal ionization mass spectrometry (ID-
TIMS) value ( ; ID-TIMS JWG0.0982 0.0004
value) of the analyzed GJ-1 grain was typically
around 20%. Reported uncertainties (2j) of the
206Pb/238U ratio were propagated by quadratic ad-
dition of the external reproducibility (2 SD %) ob-
tained from the standard zircon GJ-1 ( ; 2 SDnp 13
∼1.1%) during the analytical sequence (55 mea-
surements of unknowns and 13 of GJ-1 standard)
and the within-run precision of each analysis after
correction for the interelemental fractionation (2
SE %). In the case of the 207Pb/206Pb, a 207Pb signal-
dependent uncertainty propagation was used ac-
cording to Gerdes and Zeh (2009). 235U was calcu-
lated by dividing 238U by 137.88 and the 207Pb/235U
uncertainty by quadratic addition of the 206Pb/238U
and the 207Pb/206Pb uncertainty. Age calculations
and the creation of concordia plots were performed
using Isoplot software (Ludwig 2003). Analytical re-
sults are reported in tables A1–A6, available in the
online edition or from the Journal of Geology office.
U-Pb Diagrams and Selected Age Intervals. Only
within-error concordant to subconcordant analyses
(90%–110% of concordance) have been considered
for the provenance study based on detrital zircon
populations. Concordia diagrams showing the U-
Pb data obtained for the six samples appear in fig-
ures 4–9. A combined binned frequency histogram
and probability density distribution diagram has
also been plotted for each sample. The reported ages
in this type of diagram correspond to the 206Pb/238U
age for the analyses younger than 1 Ga and the
207Pb/206Pb age for those older. In order to simplify
the description of the zircon populations present in
each sample and to facilitate their comparison, the
data have been divided into different age intervals
representing the main orogenic or crust-forming
events. The percentage of analyses corresponding
to each interval has been also represented in pie
diagrams for comparative purposes.
The youngest time span corresponds to the anal-
yses ranging from 290 to 360 Ma and has been con-
sidered the Variscan group of ages, because this was
the main period when the igneous and tectono-
metamorphic activity derived from the collision of
Gondwana and Laurussia took place, building the
Variscan orogen (Dallmeyer et al. 1997). Older tec-
tonometamorphic Variscan ages have been reported
in some restricted units of this belt, as in the basal
allochthonous units of NW Iberia. These units are
considered to represent the most external margin
of Gondwana, subducted below Laurussia at the
onset of the Variscan deformation at ca. 370 Ma
(Abati et al. 2010b). However, these ages are un-
common in the belt, as a consequence of the lim-
ited distribution of these allochthonous units in
Europe and the scarce lithologies still preserving
these ages after retrogression. Using these argu-
ments, we selected the age of 360 Ma as represen-
tative of the most extended event dating the be-
ginning of the Variscan activity.
The group of analyses ranging from 390 to 520
Ma has been considered Avalonian, in agreement
with the age of the igneous and metamorphic ac-
tivity recorded in the Avalonia microcontinent, in-
cluding the activity related to the rifting of Ava-
lonia from Gondwana and the later activity related
to the collision of this microcontinent with Lau-
rentia and Baltica previous to the accretion of
Gondwana (Stampfli and Borel 2002). In addition,
other unrelated crust-forming events within the
same age range have been also recorded as the gen-
eration of the youngest oceanic crust in the Rheic
realm, immediately before the closure of this wide
Paleozoic ocean (Diaz Garcı´a et al. 1999; Sa´nchez
Martı´nez et al. 2007). However, the ophiolitic units
with this chronology preserved in the Variscan su-
ture have a very restricted distribution, with only
minor influence on the age interval representing
the Avalonian activity. More problematic is the
most extended igneous activity typical of the Gond-
wanan margin in the interval 470–520 Ma. This
magmatism generated a huge volume of granitic
rocks, with ages that can be recorded now in any
crustal element derived from Gondwana (Valverde-
Vaquero and Dunning 2000; Arenas et al. 2009;
Abati et al. 2010b). Therefore, the interval 470–390
Ma can be considered even more representative and
exclusive of the Avalonian microcontinent.
Zircons with ages ranging between 520 and 750
Ma have been considered Cadomian, and they rep-
resent the igneous and tectonometamorphic activ-
ity related to the Cadomian and Pan-African oro-
genic events, which have been recorded in the
northern periphery of the Gondwana superconti-
nent (Nance and Murphy 1994; Linnemann et al.
2007, 2008).
The following group, including the analyses rang-
ing between 750 and 900 Ma, has been classified
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Figure 4. a–c, Concordia diagrams of LA-ICP-MS U-Pb analyses of detrital zircons from the sandstone sample PT-
1 (Alcotas Formation). d, Combined binned frequency histogram (blue bars) and probability density distribution
diagram (pink line) of U-Pb ages, and pie diagram of zircon populations corresponding to the main orogenic or crust-
forming events. Only within-error concordant or subconcordant analyses have been considered for interpretation. n,
total number of analyses considered/total number of analyzed grains; conc., concordance. The colors of the ellipses
in the concordia diagrams correlate with the colors for the main zircon populations. Error ellipses are 2j.
as pre-Cadomian. South American and African con-
tinental masses experienced rifting and collisional
events almost simultaneously during this time.
They are related to magmatic and tectonic activi-
ties linked to the evolution of the Pampean-Goia´s-
Pharusian-Arabian-Nubian oceanic lithosphere
(Cordani et al. 2003; Kro¨ner and Cordani 2003), in-
cluding subduction-related tectonomagmatic epi-
sodes of the Pan-African/Brasiliano orogenic cycle.
Furthermore, it is considered that the assembly of
the supercontinent Rodinia took place during the
period comprised from 1000 to 750 Ma.
The next population we distinguish here ranges
from 900 to 1750 Ma, and we call it Mesoprote-
rozoic for simplification, although it also includes
a short period of Paleoproterozoic time. These ages
correspond to the orogenic cycles that contributed
to the growth of the Amazonian and Baltica cra-
tons, concluding with the contemporary Sunsas-
Grenville orogeny between 1.2 and 0.9 Ga (Bahl-
burg et al. 2009 and references therein) and the
Sveconorwegian orogeny between 1.14 and 0.9 Ga
(Bogdanova et al. 2008), responsible for the amal-
gamation of these cratons into the supercontinent
Rodinia. For this reason, an age gap between 1.75
and 1.0 is used to distinguish a Cadomian and/or
West African provenance without influence of
these orogenic cycles, from East Avalonia and Bal-
tica (Nance and Murphy 1994; Friedl et al. 2000).
The group of ages ranging 1.78–2.35 Ga are re-
lated to orogenic cycles as the Eburnian-Birimian
recorded by the West African craton (Abati et al.
2010a and references therein) or the Transamazo-
nian, which affected different Archean and Paleo-
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Figure 5. a–c, Concordia diagrams of LA-ICP-MS U-Pb analyses of detrital zircons from the sandstone sample PT-
2 (Alcotas Formation). d, Combined binned frequency histogram and probability density distribution diagram of U-
Pb ages, and pie diagram of zircon populations corresponding to the main orogenic or crust-forming events. Abbre-
viations and other features as described in figure 4. Error ellipses are 2j.
Proterozoic cratons of South-America (Zhao et al.
2002). Finally, the ages older than 2.4 Ga are post-
Eburnian and Archean.
Samples from the Alcotas Formation (Guadalupian-
Lopingian, Middle-Upper Permian). Sample PT-
1. The most abundant population of zircons in
this sample has Variscan ages (49% from 105 con-
cordant to subconcordant analyses), ranging from
to Ma and showing a maximum273 5 359 5
in the interval between 300 and 350 Ma (fig. 4a,
4d). The second population in importance is the
Cadomian group (24%, to Ma),525 9 728 10
with a second relative maximum at 600–650 Ma.
The rest of the populations described above are also
represented but in a lower percentage, as a conse-
quence of the dilution caused by a predominant
input of the younger populations. The presence of
a Mesoproterozoic population, consisting in nine
analyses between and Ma, is903 15 1471 17
significant (fig. 4b, 4d).
Sample PT-2. The percentage of Variscan anal-
yses becomes reduced in this sample (30% from 108
analyses), with a maximum at 300–350 Ma com-
prising 29 analyses. The Cadomian population ex-
periences a relative increase to be the most abun-
dant (35% corresponding to 39 analyses between
and Ma), with a relative maxi-547 8 732 8
mum at 650–700 Ma (fig. 5). There is also a signif-
icant increase of the Mesoproterozoic population
up to 15% (16 analyses between and908 13
Ma). It can be deduced that a change in1663 23
the sedimentary regime is taking place at the top
of the Alcotas Formation.
Samples from Can˜izar Formation (Olenekian-Anisian,
Early-Middle Triassic). Sample PT-3. We can ob-
serve a drastic change in the zircon input in the first
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Figure 6. a–c, Concordia diagrams of LA-ICP-MS U-Pb analyses of detrital zircons from the sandstone sample PT-
3 (Can˜izar Formation). d, Combined binned frequency histogram and probability density distribution diagram of U-
Pb ages, and pie diagram of zircon populations corresponding to the main orogenic or crust-forming events. Abbre-
viations and other features as described in figure 4. Error ellipses are 2j.
sample collected at the bottom of the Can˜izar For-
mation. The Variscan population appears reduced to
4% while the Cadomian population becomes the
most abundant, with 45% from 97 analyses. In this
case, the highest abundance of zircons corresponds
to the 600–650-Ma interval including 17 analyses
(fig. 6). The second relative maximum occurs in the
1–1.05-Ga interval with six analyses, being the Me-
soproterozoic population the second most repre-
sented in this sample (17%). It is worth mentioning
a relative increase of the pre-Cadomian (10%), Ebur-
nian (10%), and post-Eburnian and Archean (9%)
populations at the expense of the reduction of the
Variscan group of zircons. The change of sedimen-
tary regime initiated at the top of the Alcotas For-
mation is fully established at the bottom of Can˜izar.
The source of the detrital zircons supplied to the
sample PT-3 must have changed.
Sample PT-4. The predominant population in
this sample still corresponds to the Cadomian
group (38% from 114 analyses with 206Pb/238U ages
between and Ma), with a max-521 11 718 10
imum in the interval of 600–650 Ma (fig. 7). The
increase of the Avalonian population, up to 13%,
is remarkable, although it was always present in
the previous samples but in a minor percentage. In
this case, the second relative maximum corre-
sponds also to this group, with 13 analyses between
450 and 500 Ma. The remaining populations of im-
portance are the pre-Cadomian (20%) and Meso-
proterozoic (11%).
Sample PT-5. This sample resembles the two
previously described. Once again, the Cadomian
population is predominant, with 44% from 106
analyses with 206Pb/238U ages ranging from 526
to Ma. The maximum abundance oc-7 738 11
curs within the interval between 650 and 700 Ma,
with a total of 16 analyses. The Avalonian popu-
lation (7%) decreases compared with the sample
PT-4, while the Mesoproterozoic remains similar
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Figure 7. a–c, Concordia diagrams of LA-ICP-MS U-Pb analyses of detrital zircons from the sandstone sample PT-
4 (Can˜izar Formation). d, Combined binned frequency histogram and probability density distribution diagram of U-
Pb ages, and pie diagram of zircon populations corresponding to the main orogenic or crust-forming events. Abbre-
viations and other features as described in figure 4. Error ellipses are 2j.
(19%), with 20 analyses between and938 21
Ma. The Eburnian and post-Eburnian1753 16
and Archean populations appear represented, with
10% and 12% of the total analyses, respectively,
and the Variscan group is very scarce (fig. 8).
Sample PT-6. This sample located at the top of
the Can˜izar Formation records a new drastic
change in the input of detrital zircons. The abun-
dance of the different populations resembles that
recorded by the sample PT-1 of Alcotas Formation.
The most abundant population corresponds again
to the Variscan ages, with 50% of 100 analyses rang-
ing between and Ma and a peak297 4 348 7
corresponding to the interval of 300–350 Ma, in-
cluding 44 analyses (fig. 9). The Cadomian popu-
lation experiences a corresponding reduction to
28%, displaying a second relative maximum at
600–700 Ma. The rest of the populations, although
present, have experienced a significant decrease,
with percentages ranging from 5% to 3%. Accord-
ing to this data, it is clear that a major change in
the sedimentary regime and the source of the de-
trital zircons has taken place at the top of the Can˜-
izar Formation.
Discussion
A paleogeographic reconstruction for the North At-
lantic region by the final Variscan convergence
(Middle Carboniferous) is shown in figure 10. In
this context, the paleoposition of continents re-
mained almost unchanged until Middle Triassic
times. The paleogeography of the Late Paleozoic–
Early Mesozoic shown in figure 10 is based on the
continental reconstructions published by Martı´nez
Catala´n et al. (2002, 2009) and Stampfli and Borel
(2002). The most schematic reconstruction of Si-
mancas et al. (2009) is shown in figure 11. They
show the distribution of the continents amalga-
mated during the long period of convergence and
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Figure 8. a–c, Concordia diagrams of LA-ICP-MS U-Pb analyses of detrital zircons from the sandstone sample PT-
5 (Can˜izar Formation). d, Combined binned frequency histogram and probability density distribution diagram of U-
Pb ages, and pie diagram of zircon populations corresponding to the main orogenic or crust-forming events. Abbre-
viations and other features as described in figure 4. Error ellipses are 2j.
collisions that caused the final assembly of Pangea.
Four continents appear in this reconstruction: Lau-
rentia, Baltica, Gondwana, and Avalonia. Avalonia
is the smallest and is considered a terrane derived
from the peri-Gondwanan realm, rifted from the
main continent at the same time as other minor
terranes in Late Cambrian–Early Ordovician times
(Nance et al. 2010). The oldest event of convergence
represented in figure 10 is the collision between
Baltica and Laurentia, as a consequence of the clo-
sure of the northern branch of the Iapetus Ocean
in Early Silurian times (Llandovery) that formed the
Caledonian belt of Scandinavia and Greenland
(Stampfli and Borel 2002). The southern branch of
the Iapetus Ocean and its eastern continuation
along the Tornquist Ocean closed during the con-
tinental convergence that finally caused the accre-
tion of Avalonia and other minor peri-Gondwanan
terranes to the southern margin of Laurentia-Bal-
tica in Middle-Late Silurian times, forming Lau-
russia (Murphy et al. 2010; Nance et al. 2010). Later
on, new convergence between Laurussia and Gond-
wana caused the closure of the oceanic domain gen-
erated to the south of Avalonia, the Rheic Ocean
(Arenas et al. 2007; Sa´nchez Martı´nez et al. 2007),
and the collisional event that ended the Pangea as-
sembly in Late Devonian–Early Carboniferous
times (Martı´nez Catala´n et al. 2009; Abati et al.
2010b; Dı´ez Ferna´ndez et al. 2011). The Variscan-
Appalachian belt was formed during this final col-
lision, and it is one of the most relevant elements
in order to reconstruct the position of the conti-
nents amalgamated in Pangea. In detail, this final
assembly event is complex, and different models
have been proposed. Von Raumer et al. (2003) and
Von Raumer and Stampfli (2008) described a first
stage with collision of peri-Gondwanan terranes
(Late Devonian–Early Carboniferous), followed by
a final collision of Gondwana and Laurussia in Late
Carboniferous times. In contrast, others authors de-
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Figure 9. a–c, Concordia diagrams of LA-ICP-MS U-Pb analyses of detrital zircons from the sandstone sample PT-
6 (Can˜izar Formation). d, Combined binned frequency histogram and probability density distribution diagram of U-
Pb ages, and pie diagram of zircon populations corresponding to the main orogenic or crust-forming events. Abbre-
viations and other features as described in figure 4. Error ellipses are 2j.
scribed a partly different scenario defined by frontal
continental collision in Late Devonian–Early Car-
boniferous times, with a less important participa-
tion of peri-Gondwanan terranes (Martı´nez Catala´n
et al. 2004, 2009).
In the North Atlantic domain, the opening of the
Permo-Triassic sedimentary basins is related to the
initial development and later propagation of long
rift structures that finally caused the breakup of
Pangea (Ziegler 1982, 1988; Lo´pez Go´mez et al.
2002). New research focused on the study of the
provenance of the Permo-Triassic sediments, using
U-Pb geochronology of detrital zircons, can provide
information not only about the source areas for
these sediments but also about the dynamics and
evolution of the rift systems. In this context, the
distribution of continents in the North Atlantic re-
gion at the end of the Carboniferous period and
their different tectonothermal histories define a
perfect setting for a provenance study. The paleo-
margin of Gondwana, the Variscan belt, and Ava-
lonia show a roughly E-W orientation, also sub-
parallel to the southern margin of Laurentia-Baltica
(fig. 11). Moreover, this continent’s distribution is
oblique to the main Permo-Triassic rift that gen-
erated the Iberian Basin, which is characterized by
paleocurrents suggesting a systematic provenance
from the N-NW (figs. 1, 3). This general context
will be considered in order to interpret the prove-
nance of the detrital zircons included in the Permo-
Triassic sediments of the Iberian Ranges.
The two samples of Late Permian sediments (PT-
1 and PT-2) include significant (PT-2) or dominant
(PT-1) populations of zircons of Variscan age (290–
360 Ma). This fact suggests that their source area
was located in the axial zone of the Variscan belt,
probably in the core of the Ibero-Armorican arc if
the orientation of the Permian basin and the di-
rection of the paleocurrents are considered (fig. 11).
In Iberia, this axial zone is mainly represented by
Figure 10. Sketch showing the distribution of Paleozoic orogens in a reconstruction of the Baltica-Laurentia-Gond-
wana junction that developed during the assembly of Pangea (final Variscan convergence). The distribution of the
most important domains described in the Variscan Belt is also shown, together with the inferred position of the
microcontinent Avalonia. LBM, London-Brabant Massif; STA, Silesian Terrane Assemblage.
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Figure 11. Sketch showing the distribution of the
Permo-Triassic intracontinental basins and rift systems
in the Iberia realm and surrounding areas. The arrows
show the paleocurrents and the evolution of the source
areas through time.
the Galicia-Tra´s-os-Montes Zone, the Central Ibe-
rian Zone, and the most western part of the West
Asturian–Leonese Zone (Martı´nez Catala´n et al.
2009). This axial zone is considered the main
source area for Variscan zircons, since this is the
region where high-grade Variscan metamorphism
and the most important granitic magmatism oc-
curred. Both samples also show important popu-
lations of Cadomian zircons (520–750 Ma), but
these zircons are only indicative for an initial
Gondwanan provenance for the involved terranes,
which is the case for all the lithologies included in
the Variscan axial zone and also for Avalonia. The
presence of Mesoproterozoic zircons, important in
sample PT-2, would suggest that part of the source
areas was located in Avalonia, where this group of
ages is common (Linnemann et al. 2004). However,
considering that the Mesoproterozoic population
also exists in the Neoproterozoic, Cambrian, and
Ordovician sediments from the Iberian basement
(Ferna´ndez Sua´rez et al. 2000, 2002; Martı´nez Ca-
tala´n et al. 2004; Dı´ez Ferna´ndez et al. 2010), it is
not possible to indicate a more detailed location for
the source of Late Permian materials. Therefore,
detrital zircon age data of the Late Permian sedi-
ments from the Talayuelas anticline indicate a re-
lationship with long fluvial systems that would
start at least in the core of the Ibero-Armorican arc
and followed the direction of the active Iberian rift,
with NW-SE orientation.
The most important feature of the three samples
of Lower Triassic sediments (PT-3, PT-4, and PT-5)
is a drastic decrease in the amount of Variscan zir-
cons, showing a content of 4%–7%. This general
decrease is compensated by the increase of Cadom-
ian zircons (38%–45%) and, to a lesser extent, by
an increase of the Mesoproterozoic (17%–20%),
Eburnian (10%–11%), and post-Eburnian and Ar-
chaean (8%–12%) populations. At first, the almost
complete absence of Variscan zircons suggests that
the main source areas were located further away
from the Variscan axial zone, either to the NW or
at the most inner part of the Ibero-Armorican arc,
a region belonging to the external zones of the Var-
iscan belt, where no important igneous or meta-
morphic activity exists. The second possibility
would imply an important decrease in the length
and significance of the Lower Triassic fluvial sys-
tems in relation to those of the Permian, which is
not supported by the sedimentological data show-
ing sandy braided river deposits, almost devoid of
fines, with paleocurrents very consistent to the S-
SE, and no evidence of minor transverse streams,
all indicative of very long and extensive fluvial sys-
tems (Arche and Lo´pez Go´mez 2005). On the other
hand, the significant increment on the contents of
Avalonian, Mesoproterozoic, Eburnian, and post-
Eburnian and Archaean zircon populations are at
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first more typical of source areas located to the NW
of the Variscan axial zone, that is, at least in the
Avalonian terrane (fig. 11). In this regard, it is also
important to point out that sample PT-4, with the
highest content in Avalonian zircons (13%), in-
cludes a group of zircons with ages ranging 458–
479 Ma ( ). These ages are almost unknownnp 8
in the Variscan axial zone or the external zones of
the Variscan belt, and they seem to confirm that
the most important source areas for the Lower Tri-
assic sediments were located in Avalonia (fig. 11).
It is more difficult to interpret whether some
source areas for the Lower Triassic series could be
located in Laurentia. In this regard, the significant
increase in Mesoproterozoic, Paleoproterozoic, and
Archaean zircons could support this interpretation,
since all these zircon populations are typical of Lau-
rentia. However, both Laurentia and Baltica did not
register any significant Cadomian activity (Nance
et al. 2007), which can be considered the most im-
portant in the source areas of the Triassic sedi-
ments. The age populations recorded in the studied
detrital zircons do not allow us to rule out com-
pletely that some source areas might be located in
the southernmost part of Laurentia. However, the
provenance from this region would be limited.
The age populations obtained in the detrital zir-
cons from the Middle Triassic sediments show again
a drastic change in the location of the source areas.
Sample PT-6 is characterized by predominance of
Variscan zircons (50%), which in this case reach the
highest content found in the six Permo-Triassic sam-
ples here studied. The age populations obtained in
sample PT-6 are almost identical to those described
in the sample PT-1 collected from the Late Permian
deposits. In this case, the source area for these sed-
iments can be assigned easily again to a sector lo-
cated at the axial zone of the Variscan belt, in the
core of the Ibero-Armorican arc.
The new U-Pb data obtained in detrital zircons
of Permo-Triassic sediments from the Iberian
Ranges can be interpreted in a dynamic setting re-
lated to the development of a large intracontinental
rift system (Lo´pez Go´mez et al. 2002; Stamfli and
Borel 2002). The advance of the extensional tec-
tonics associated with the activity of this rift sys-
tem caused the inception of the breakup of Pangea
and the development of progressively larger sedi-
mentary basins that concentrated the Mesozoic
marine sedimentation in the North Atlantic con-
text (Stampfli and Borel 2002, 2004). The sedimen-
tation of the Late Permian deposits is linked to the
beginning of the extensional activity in the Iberian
rift (fig. 11). The source area for these materials was
placed over the axial zone of the Variscan belt lo-
cated in the core of the Ibero-Armorican arc, which
probably suggests either that the rift system did not
exist yet to the north of this sector or that its de-
velopment was still limited. The source areas for
the Lower Triassic sediments were located mainly
in Avalonia, with a possible and limited contri-
bution from source areas located in the southern
part of Laurentia. The evolution between Late
Permian and Lower Triassic times suggests that the
activity in the rift system advanced toward the NW
and that extensional systems were probably estab-
lished by this time in all the different continental
blocks amalgamated in Pangea in the North Atlan-
tic sector. The source areas of the Middle Triassic
sediments were located again in the axial zone of
the Variscan belt, indicating that the sedimentary
supplies coming from Avalonia had stopped. This
fact could suggest an important decrease in the ac-
tivity of the Triassic fluvial systems. It might also
indicate that the sedimentary supplies coming from
the region located to the NW of Iberia were stopped
by tectonic activity. In this context, the progressive
development of the rift system and the consequent
progress of the breakup of Pangea could modify the
continuity of the Iberian rift toward the NW after
the Lower Triassic. New detrital zircon data from
other Permo-Triassic basins are necessary in order
to advance in the interpretation of the complex re-
lationships existing between rift development and
opening of the Permo-Triassic sedimentary basins.
The new U-Pb data of detrital zircons from
Permo-Triassic sediments of the Iberian Ranges
supply important and new information about the
source areas for these series. Moreover, the meth-
odology used in this study is useful for the inves-
tigation of the development of these intraconti-
nental sedimentary basins. The extension of this
type of research to other Permo-Triassic basins may
supply key data about their relationships with the
large rift systems that finally caused the breakup
of Pangea in the North Atlantic domain.
Conclusions
U-Pb data of detrital zircons of Permo-Triassic sed-
iments from the Talayuelas anticline (Iberian
Ranges) suggest important changes in the location
of the source areas through time. In the case of the
Late Permian sediments, it was located to the NW,
in the axial zone of the Variscan belt placed in the
core of the Ibero-Armorican arc. The Lower Triassic
series have source areas located further to the NW,
mainly in Avalonia, with possible additional and
limited supplies coming from the southernmost
part of Laurentia. During Middle Triassic times, the
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source areas were located again at the axial zone
of the Variscan belt.
The change of location of the source areas is con-
sidered as related to the development of intracon-
tinental rift systems that finally caused the breakup
of Pangea. The evolution of the sedimentation be-
tween Late Permian and Lower Triassic times is a
consequence of the propagation of the Iberian rift
to the NW, probably reaching the southern part of
Laurentia. During the Middle Triassic, the sedi-
mentary supplies along this rift experienced an im-
portant reduction, and the source areas were lo-
cated again in the axial zone of the Variscan belt.
New data are necessary in order to fully interpret
this final part of the evolution, which might be
linked either to environmental conditions or to the
advance of the breakup of Pangea and the inter-
action of different intracontinental rift systems ac-
tive in the North Atlantic region.
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